Introduction {#sec1-1}
============

Ischemic cerebrovascular disease causes various negative health consequences.\[[@ref1]\] There is growing research interest into strategies for reducing morbidity and mortality of ischemic cerebrovascular disease, such as ischemic strokes.\[[@ref2]\] Traditional medicine supplementation for preventing morbidity and mortality of ischemic cerebrovascular disease has been recognized as an effective intervention to attenuate cerebral ischemia-reperfusion injury in the brain.\[[@ref3]\]

In recent years, multiple molecular mechanisms for ischemic cerebrovascular disease have been found and revealed with the development of molecular biology.\[[@ref4]\] Mounting studies show that matrix metalloproteinases (MMPs) are engaged in pathologies associated with cerebral ischemia-reperfusion injury.\[[@ref5]\] The evidence demonstrates that MMP-9 expression was increased and activated by cerebral ischemia, and the attenuation of ischemic brain damage has been found to be related to an inhibition on MMP-9, at least partially.\[[@ref6]\] Furthermore, apoptosis, a process of cell death by the initiative of gene regulation, involved in ischemic pathological injury and was an important aspect of the development of its occurrence and significance of the outcome after ischemic injury.\[[@ref7]\] Therefore, regulating MMPs and reducing apoptosis may improve the damage of cerebral ischemia-reperfusion in the brain.

*Carthamus tinctorius* L. (CTL, Honghua) has been used for a long time and has functions on "removing blood stasis and promoting blood circulation."\[[@ref8]\] It has been commonly used to treat many kinds of diseases such as coronary heart disease and cerebral thrombosis. Accumulating studies showed that it had a protective activity on cerebral ischemia and myocardial ischemia.\[[@ref9]\] Its combination with Huangqi and its main component hydroxysafflor yellow A (HSYA) could decrease the cerebral infarction with stroke rats.\[[@ref10]\] Furthermore, Danhong injection (DHI), one of the most popular medications of CTL, has been widely used in the clinical treatment.\[[@ref11]\] It has been found a remarkable reduction on cerebral infarction and caspase-3 expression, whereas a significant increase on B-cell lymphoma-2 (Bcl-2) expression by the treatment of CTL injection.\[[@ref12]\] There is also evidence that the representative component HSYA can reduce ischemia/reperfusion (I/R) injury, through its anti-apoptotic effects.\[[@ref13]\] However, its potential mechanism of action is still unclear.

Therefore, to investigate the possible regulation of CTL on MMPs and apoptosis in I/R, the current study investigated MMP-related and apoptosis-related expression levels in the brain tissue relative to I/R.

Experimental {#sec1-2}
============

Materials {#sec2-1}
---------

Antibodies for Bax, Bcl-2, caspase-3, and tissue inhibitor of metalloproteinases 1 (TIMP1) were obtained from Santa Cruz Biotechnology, Inc. Antibodies for MMP-9 and MMP-2 were ordered from Cell Signaling Technology, Inc (Shanghai, China). Triphenyltetrazolium (TTC) was ordered from Sigma. Acetonitrile 99.9% was of high-performance liquid chromatography (HPLC) grade purchased from TEDIA (Lisbon, USA). Reference compounds HSYA and safflower yellow B (purity ≥99%) were obtained from National Standards Center of China.

Extracts preparation {#sec2-2}
--------------------

Medicinal material CTL was purchased from Wanzhen chinese herbal medicine of Bozhou City, China, and pharmacognosy was authenticated by Dr. Xiaobin Jia. The remaining voucher specimens were deposited in the herbarium of Jiangsu Provincial Academy of Chinese Medicine (No. ACM201406103). One hundred grams of the fine CTL (Origin: Xinjiang, China; Lot: 140715) were accurately weighed and extracted with methanol (500 mL) for 1 h in reflux extraction device (two times), centrifuged, and then evaporated at 40°C to remove methanol. The yield of extract is 2.62%. The components of CTL were analyzed by HPLC. In addition, the residue can also be redissolved in ultra-pure water for further animal experiments.

High-performance liquid chromatography method with diode array detection analysis {#sec2-3}
---------------------------------------------------------------------------------

The analysis was conducted on Agilent 1200 series HPLC equipment (Waldbronn, Germany) with a diode-array detector (DAD). Components are separated on Alltima C~18~ column (250 mm × 4.6 mm i. d., 5 μm) with a gradient elution of the mobile phase (flow rate: 1.0 mL/min, column temperature: 30°C, and wavelength: 402 nm). The elution procedure is as follows: 5% A\~45% A (HPLC-grade acetonitrile), 95% B\~55% B (0.1% acetic acid in water), and 0\~60 min.

Animal and Administration {#sec1-3}
=========================

The male Sprague Dawley rats (250 ± 20 g) used in this experiment were purchased from Animal Center of Nantong University (license number: SCXK (Su) 2014-0001), in line with clean grade experimental animal standards. The rats were housed with room temperature 22 ± 2°C, humidity 45 ± 10%, and light adaptive breeding. The rats were divided into Sham group (normal saline, NS, l0 mL/kg/d), model group (NS, l0 mL/kg/d), positive drug Nimodipine group (7.53 mg/kg/d), CTL treatment group (2 or 4 g crude drug/kg/d) with 10 rats for each group. After being modeled successfully, rats were administered orally every day for sustained two weeks. Animal experiment guidelines are used to guide this experiment.

Middle cerebral artery occlusion model establishment and neurological function score {#sec2-4}
------------------------------------------------------------------------------------

Middle cerebral artery occlusion (MCAO) rat model and behavior score were performed as previously described with minor adjustment.\[[@ref14]\] Briefly, rats were anaesthetized with 10% chloral hydrate, and the dose was 300 mg/kg, and then the rats were fixed supinely on a mouse board. After a 2 cm midline incision in the neck, muscle and fascia were separated by blunt dissection along the inner edge of the sternocleidomastoid and then separated external carotid artery (ECA), common carotid artery (CCA), and internal carotid artery (ICA) of rats. The temporary occlusion of ICA was achieved by microartery clamp, and then, the proximal part of CCA and ECA in the lateral side was lodged to prevent bleeding in the surgery. Next, a small incision at a distance of about 4 mm to CCA bifurcation was performed for the insert of a nylon filament (diameter of 0.26 mm coated with polylysine) into the right ICA. After lodged in the narrow proximal of ICA at the depth of 2.5 cm, the blood flow was blocked. The filament in ICA was fixed to allow permanent occlusion. The wound was stitched and treated with penicillin injection (100 000 U/rat) to prevent wound infection. Animals received identical surgery except that the ligation was less than 1cm deep was used as sham group \[[Figure 1](#F1){ref-type="fig"}\]. Neurological function score was performed after MCAO 24 h on a 5-point scale: 0 indicates no symptoms of nerve damage; (1) indicates rats cannot fully extend the contralateral paws; (2) indicates circling to the opposite side of surgery; (3) indicates falling to the opposite side of surgery; and (4) indicates spontaneous walking with the disturbance of consciousness.

![Pictorial diagram of middle cerebral artery occlusion rat model](IJPharm-52-108-g001){#F1}

Hematoxylin-eosin staining {#sec2-5}
--------------------------

Brain tissue was taken for HE staining. These tissues were fixed in 4% buffered paraformaldehyde solution for paraffin embedding. Sequentially, 5 μm-thick slices were cut for hematoxylin-eosin staining. The visualization of brain tissues were examined to observe the pathological changes.

### Triphenyltetrazolium {#sec3-1}

After being washed with 0.9% saline, brain tissues were frozen for 30 min under −20°C until tissue hardening. Coronal sections were cut from the frontal pole with 3 mm equidistant and then stained with TTC dye for 30 min in the dark, followed with 4% paraformaldehyde of 4 h. Normal tissue appears red, whereas infarction presents white. IPP software was conducted to analyze the maximum crosssection and ischemic infarct area. A percentage of infarct size was taken for the statistical analysis. The formula was shown as follows:

![](IJPharm-52-108-g002.jpg)

(S~1~: Maximum cross-section of the total ischemic area; S~2~: Infarct area).

Immunohistochmeistry {#sec2-6}
--------------------

The tissues slices (4-μm-thick) were prepared for immunohistochemistry assessment. After deparaffinization, these sections were probed with primary antibodies. After being incubated for 24 h at 4°C and washed with phosphate-buffered saline, the sections were reacted with secondary antibody streptavidin-conjugated horseradish peroxidase. Sequentially, the sections were treated with diaminobenzidine and 0.01% H~2~O~2~, followed by chromogen with toluidine blue and counterstain with hematoxylin. After being dehydrated and embedded, the sections were observed under microscope with × 400 for positive stains.

Transferase-mediated dUTP nick-end labeling assay {#sec2-7}
-------------------------------------------------

This experiment was operated according to the method of the reference.\[[@ref15]\] The detailed detection procedure was conducted according to the protocols of manufacturer (Wuhan Boster Biological Technology, Ltd., Wuhan, China). Transferase-mediated dUTP nick-end labeling (TUNEL)-positive cells and total cell nuclei were counted for semiquantitative histomorphological assessment.

Western blot analysis {#sec2-8}
---------------------

The brain tissue was harvested and homogenized in tissue protein extraction solution as report previously.\[[@ref16]\] The harvested extract was treated by 3000 × g centrifugation for 10 min. After centrifugation, Bradford assay was conducted to detect the concentration of contained protein in samples. Protein of 100 μg was loaded for separation by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transfer electrophoretically to polyvinylidenediuoride membrane. Membrane was probed with primary antibodies. Sequentially, the membrane was incubated with secondary antibody in line with the operation process. The visualization was developed using enhanced chemiluminescence reagents by exposure to X-ray films. The protein band visualization is captured by the imaging system.

Reverse transcription polymerase chain reaction {#sec2-9}
-----------------------------------------------

Total RNA from the brain was extracted for the reverse transcription to cDNA with RevertAid K1622 First Strand cDNA Synthesis Kit (Fermentas, Graiciũno, Vilnius, Lithuania). The primer sequences were as follows: Bax (81bp): F, 5\'-CAAGAAGCTGAGCGAGTGTC-3\'; R, 5\'-ACGTCAGCAATCATCCTCTG-3\'; \]Bcl-2 (102bp): F, 5\'-GAGTACCTGAACCGGCATCT-3\'; R, 5\'-GAAATCAAACAGAGGTCGCA-3\'; Caspase-3 (126bp): F, 5\'-GCGTAAGGAAAGGAGAGGTG-3\'; R, 5\'-ACAGACCAGTGCTCACAAGG-3\'; Rat-GAPDH (103bp): F, 5\'-GGCCTTCCGTGTTCCTACC-3\'; R, 5\'-CGCCTGCTTCACCACCTTC-3\'. After the polymerase chain reaction (PCR) reaction, agarose gel electrophoresis was conducted for quantitative real-time. This analysis was performed with the Mx3000P System.

Statistical analysis {#sec2-10}
--------------------

All experiments are repeated thrice to obtain the average value and SD. Statistical significance for multigroup comparisons was analyzed by the Bonferroni *t*-test. *P* \< 0.05 is considered to be a statistical significant.

Results {#sec1-4}
=======

Compound analysis for Carthamus tinctorius L. {#sec2-11}
---------------------------------------------

The extract was analyzed by the high-performance liquid chromatography method with diode array detection method to identify the chemical components in CTL, As shown in [Figure 2](#F2){ref-type="fig"}, the peaks of chromatogram were separated well. In total, two major peaks in CTL were identified as HSYA (1) and safflower yellow B.\[[@ref2]\]

![High-performance liquid chromatography for *Carthamus tinctorius* L. (a) and reference compounds (b) hydroxysafflor yellow A (1) and safflower yellow B (2)](IJPharm-52-108-g003){#F2}

Carthamus tinctorius L. improved neurological deficit scores of cerebral ischemic rats {#sec2-12}
--------------------------------------------------------------------------------------

MCAO rat model was treated by CTL to evaluate its protective activity. Here, we observed MCAO rat model was successfully prepared with the typical behavioral characteristics of cerebral ischemia, namely limbs twist when upside down \[[Figure 3A](#F3){ref-type="fig"}\]. The results of HE staining showed ischemia could cause unclear boundary of tissue cores membrane, edema of cell interstitial, and infiltration of inflammatory cells, as well as pyknosis of nuclear. Administration of CTL (2, 4 g crude drug/kg/d) or nimodipine (7.53 mg/kg/d) could significantly reduce ischemic damage in brain tissue sections, accompanied with a reduction of tissue necrosis range, completed cell structure, as well as mitigation of edema of cell interstitial \[[Figure 3B](#F3){ref-type="fig"}\].

![Neurological function of *Carthamus tinctorius* L. on cerebral ischemia in rats. (A) Infarction behavior of rats; (B) Hematoxylin and eosin staining for brain tissues of cerebral ischemic rats, a. Normal, b. Sham, c. Model, d. positive drug Nimodipine group (7.53 mg/kg/d), e. high dose *Carthamus tinctorius* L. group (4 g crude drug/kg/d), f. low dose *Carthamus tinctorius* L. group (2 g crude drug/kg/d); (C) Neurological deficit scores of cerebral ischemic rats on the 1^st^ day, 7^th^ day, and 14^th^ day; Magnification × 200. Data are presented as means ± standard deviation (*n* = 8). \**P* \< 0.05, \*\**P* \< 0.01, 7^th^ day or 14^th^ day versus 1^st^ day](IJPharm-52-108-g004){#F3}

Neurological function scores of rats in the control and CTL-treated groups were evaluated using a modified neurological severity score scale on days 1, 7, and 14. As shown in [Figure 3C](#F3){ref-type="fig"}, scores are basically the same among different groups on the 1^st^ day. Interestingly, a significant decrease of neurological function score was observed on the 7^th^ and 14^th^ day, in CTL (2, 4 g crude drug/kg/d) groups, suggesting the improvement of CTL on the cerebral ischemic.

*Carthamus tinctorius* L. reduced the infarction area ratio of cerebral ischemic rats {#sec2-13}
-------------------------------------------------------------------------------------

As depicted in Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}, infarction area could be remarkably observed after modeling. The infarct area ratio of the model group was up to 47.2%. However, the increased infarct area ratio was significantly reduced after being treated with CTL. This finding also indicates that CTL can improve the damage degree of cerebral ischemia of rats.

![Effect of *Carthamus tinctorius* L. on infarction aera ratio of rats after cerebral ischemia. (A) Triphenyltetrazolium for brain tissues; (B) infarction aera ratio. Data are presented as means ± standard deviation (*n* = 6). ^\#\#^*P* \< 0.01, vs. Sham; \**P* \< 0.05, \*\**P* \< 0.01, versus model](IJPharm-52-108-g005){#F4}

*Carthamus tinctorius* L. decreased transferase-mediated dUTP nick-end labeling and apoptosis-related factor levels of cerebral-ischemic rats {#sec2-14}
---------------------------------------------------------------------------------------------------------------------------------------------

Apoptosis plays an important role in the pathogenesis of ischemic cerebrovascular disease. In this study, TUNEL assay was conducted to evaluate the degree of apoptosis. As shown in [Figure 5A](#F5){ref-type="fig"}, a marked increase on the brown deposits was observed in the brain tissues of model rats. However, the increased deposits were decreased significantly by the treatment of CTL and nimodipine, demonstrating the attenuation of CTL on apoptosis of brain tissues of cerebral ischemic rats.

![Regulation of *Carthamus tinctorius* L. on apoptosis of brain tissues of rats after cerebral ischemia. (A) Transferase-mediated dUTP nick-end labeling assay for apoptosis; (B) Western blotting for apoptosis-related factor levels including B-cell lymphoma-2, Bax, and Caspase3; (C) Reverse transcription polymerase chain reaction for messenger RNA levels of B-cell lymphoma-2, Bax and Caspase3. Nimodipine of 7.53 mg/kg/d was used as positive drug. Data are presented as means ± standard deviation (*n* = 6). ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, versus Sham; \**P* \< 0.05, \*\**P* \< 0.01, versus model](IJPharm-52-108-g006){#F5}

Apoptosis-related factor levels were determined to explore the underlying mechanism. It can be observed that the levels of protein expression and messenger RNA (mRNA) of Bax and Caspase3 in brain tissues were increased markedly by cerebral ischemic treatment, whereas the levels of protein expression and mRNA of Bcl-2 were decreased remarkably. Importantly, this trend was reversed to normal levels, namely CTL reduced significantly the levels of protein expression and mRNA of Bax and Caspase3 in brain tissues of cerebral ischemic rats, whereas increased Bcl-2 protein expression and mRNA levels \[Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}\]. These findings suggested that CTL could inhibit cerebral ischemic-induced apoptosis through increasing Bcl-2 and decreasing Bax and Caspase3.

*Carthamus tinctorius* L. reduced matrix metalloproteinases levels of brain tissues of cerebral ischemic rats {#sec2-15}
-------------------------------------------------------------------------------------------------------------

Protein expression levels of MMPs were detected by immunohistochemistry and Western blotting. The immunoblotting analysis of MMP-2, MMP-9, and TIMP1 is depicted in [Figure 6](#F6){ref-type="fig"}. It can be observed that the expression of MMP-9 in the brain tissue of cere-bral ischemia rats is significantly increased \[[Figure 6A](#F6){ref-type="fig"}\]. Interestingly, CTL of 2 g crude drug/kg/d and 4 g crude drug/kg/d treatment caused a statistically significant decrease of MMP-9 protein in cerebral ischemic mice (*P* \< 0.05, *P* \< 0.01). This phenomenon can also be observed in MMP 9 protein expression.

![Effect of *Carthamus tinctorius* L. on matrix metalloproteinases in brain tissue of cerebral ischemic rats. (A) Immunohistochmeistry for matrix metalloproteinase-9 level; (B) Western blotting for matrix metalloproteinase-2, matrix metalloproteinase-9, and tissue inhibitor of metalloproteinases 1 protein expressions. Data are presented as means ± standard deviation (*n* = 6). ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, versus Sham; \**P* \< 0.05, \*\**P* \< 0.01, versus model](IJPharm-52-108-g007){#F6}

In addition, TIMP1 functions as an important endogenous inhibitor in regulating MMPs levels. There is a significant decrease on TIMP1 protein expression in the model group when compared with Sham rats. Expectedly, this decrease can be enhanced significantly by the treatment of CTL (*P* \< 0.05, *P* \< 0.01) \[[Figure 6B](#F6){ref-type="fig"}\]. These findings strongly support the level of TIMP1 is negatively related to MMP2 and MMP9 protein expressions in the brain tissue of cerebral ischemic rats.

Discussion {#sec1-5}
==========

Ischemic injury is considered to be one of the important pathogenesis of cerebrovascular disease. Traditional medicine has attracted enough interest of researchers because of its traditional application and confirmed efficacy. CTL (CTL, also known as Honghua) activates blood circulation to dissipate blood stasis.\[[@ref17]\] In this study, the protective function of CTL on ischemia-reperfusion injury of rats was evaluated and also the underlying mechanism including its anti-apoptosis and regulating MMPs. This study provides experimental evidence for the traditional use of CTL.

CTL has been developed to injection for treating acute cerebral infarction in clinic.\[[@ref18]\] The evidence showed that its prescription DHI improved cell survival which was related to hypoxia/reoxygenation and H~2~O~2~ injury and also reduced hypoxia/reoxygenation-induced cytochrome c release and apoptosis.\[[@ref19]\] As an important medicinal herb, the improvement of CTL has been evaluated in MCAO rat model, and its behavior score was also examined. The results of both neurological deficit scores and infarction area ratio demonstrated that CTL could improve the damage degree of cerebral ischemic rats, providing experimental evidence for the pharmacological effects and molecular mechanisms. Multicomponent mixtures from CTL help integrate the pharmacological activity of activated blood circulation to eliminate blood stasis.\[[@ref20][@ref21]\] Chemical composition of CTL mainly contains flavonoids including chalcones such as safflower yellow. Existing study has found HSYA can be beneficial for the improvement of I/R injury and lipopolysaccharide-induced endothelium inflammatory injury.\[[@ref22]\]

Apoptosis has been recognized as an important mechanism on ischemic brain injury through triggering cell death pathways. Caspase-independent cell death contributes to the severe ischemic injury.\[[@ref23]\] Under ischemia and hypoxia conditions, the decrease of mitochondrial membrane potential and the reduction of intracellular active oxygen cytoplasmic histone-associated DNA fragmentation cause and accelerate cell apoptosis, leading to a decrease of neuronal survival. Multiple regulators are implicated in the apoptosis of ischemia reperfusion injury. Accumulated evidence shows that both cleared Caspase 3, Bax and Bcl-2 can lead to increased permeability of mitochondria in MCAO.\[[@ref24][@ref25]\] Our experimental data also support this conclusion.

Further evidence showed that Safflower yellow of CTL could attenuate apoptosis of I/R injury through inhibiting Bax and caspase-3 activation and enhancing Bcl-2 expression level.\[[@ref20][@ref24]\] Our results, whether in TUNEL assay, or in Western blot and Reverse transcription PCR, revealed that CTL extract could reduce pro-apoptotic Bax and caspase-3 protein and mRNA levels, while enhancing anti-apoptotic Bcl-2 protein and mRNA levels. On the basis of these findings, we conclude that CTL regulates Bcl-2, Bax and caspase-3 levels to inhibit apoptosis for alleviating I/R injury.

Ischemia causes increased the secretion of MMPs owing to metabolic disorders and neuronal death.\[[@ref26]\] Under cerebral ischemia, the activation of MMPs was enhanced to reduce the excessive accumulation of matrix. MMPs have been confirmed to be associated with various complications, including neuronal damage, apoptosis, cerebral edema, and so on.\[[@ref27]\] Therefore, it is easy to observe an enhanced MMP-2 and MMP-9 expression in brain tissues by I/R injury. Interestingly, CTL could significantly reduce MMP-2 and MMP-9 expression, demonstrating the inhibition of CTL on MMPs may be beneficial for the improvement of I/R injury.

TIMP1, a glycoprotein expressed in several tissues, functions as a tissue inhibitor of metalloproteinases and participates in regulating MMP.\[[@ref28]\] Under normal conditions, MMPs and TIMP1 maintain a relative balance state to regulate the degradation of extracellular matrix, leading to tissue repair, remodeling, cell invasion, and metastasis.\[[@ref29][@ref30]\] Our present results show that TIMP1 has a significant decrease in an animal cerebral ischemia-reperfusion model, whereas CTL increases it. These findings suggested that the regulation of MMPs by CTL may be negatively correlated with the downregulation of TIMP1.

Conclusion {#sec1-6}
==========

Taken together, this study provides new understanding on the beneficial effect of CTL on cerebral I/R injury through regulating MMPs and inhibiting apoptosis, providing new evidence for the improved effect of CTL on I/R injury.
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